Introduction
============

Thyroid nodular disease is common in many populations, with the majority of the nodules being benign ([@bib1]). The primary purpose of diagnostic testing is to assess the risk of thyroid carcinoma in these nodules. Although ultrasonography (US) and fine-needle aspiration biopsy (FNAB) are very useful in the evaluation of thyroid nodules, the identification of malignancy remains a challenge. Several US characteristics have been found to be more prevalent in malignant compared with benign thyroid nodules. However, these need to be combined, since no single characteristic can discriminate reliably malignant from benign nodules ([@bib2], [@bib3], [@bib4]). Accordingly, several US risk stratification tools have been proposed during the past decades in an attempt to increase the clinical usefulness of US as well as to assist the clinician in deciding when to perform FNAB and thyroid surgery ([@bib3], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11]). Despite these efforts, diagnostic thyroid surgery is often necessary in patients with indeterminate or suspicious FNAB ([@bib12]), putting the patient at risk of possible surgical complications.

US elastography has been proposed as a novel tool to increase the diagnostic value of thyroid US, as an adjuvant to US features obtained by grayscale assessments ([@bib8], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17]). Various elastographic technologies exist, based on different methods for tissue displacement (e.g. manual compression or acoustic impulses from the transducer) and different elasticity measurements (e.g. qualitative by a color image, semi-quantitative by a ratio, quantitative by a numerical value) ([@bib18]). Shear wave elastography (SWE), available on the SuperSonic Aixplorer equipment (SuperSonic, Aix-en-Provence, France), uses acoustic impulses from the transducer to measure tissue elasticity quantitatively by an elasticity index (EI), expressed in kilo Pascal (kPa) and qualitatively by a color-coded elasticity map ([@bib18]). SWE has the potential to differentiate benign from malignant thyroid nodules. However, the optimum EI cut-off point for such a discrimination shows large variations across studies (26--85 kPa), and the EI ranges applying to malignant and benign nodules, respectively, overlap to a great extent ([@bib13], [@bib14], [@bib15], [@bib16], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26]).

Considering the diverging results, it remains unclear if SWE has a role in the routine work-up of patients with thyroid nodules, when it comes to assessing the risk of cancer in the individual patient. Thus, the objective of the present prospective study was to evaluate the diagnostic properties of SWE in the preoperative management and risk stratification of thyroid nodules in patients referred for thyroid surgery.

Materials and methods
=====================

We conducted a prospective cohort study enrolling patients from the Department of Otorhinolaryngology Head & Neck Surgery (a tertiary surgical unit), Aarhus University Hospital, Denmark, from January 2014 to February 2016. All patients underwent thyroid surgery, providing histological results of the specimens (100%). The majority of nodules (83%) also provided preoperative FNAB results ([Table 1](#tbl1){ref-type="table"}). Eligible patients were identified consecutively from the outpatient clinic or the surgical ward according to the inclusion criteria described below. Patients were included during their visit to the department in a non-selective manner. Complete consecutive enrolment was not possible for practical reasons, as all US and SWE data were provided by only two investigators (KZS, VEN). The inclusion criteria were adult patients (≥18 years) with one or more thyroid nodules ≥10 mm in the largest dimension, and indication for thyroid surgery providing histological specimens. Patients were excluded if the index nodule was predominately cystic with insufficient solid areas for SWE registration or if SWE registration was not possible (*n* = 6) due to technical limitations of the technology (rim calcifications, no SWE signal) or practical limitations in the department. Patients with multinodular goiter (MNG) had more than one nodule examined for the study, provided these lesions were assessable for SWE imaging and fulfilled the inclusion criteria. Before enrolment in the study, written informed consent was obtained from each participant. The study complies with the Declaration of Helsinki, and it was approved by the Local Ethics Committee of the Central Denmark Region, Denmark, and the Danish Data Protection Agency, and was registered at ClinicalTrials.gov (NCT02150772). Table 1Cytological results for nodules.BSRTCDistribution, *n* (%)Malignancy rate, %Histological diagnosisNo FNAB69 (17)31 PTC, 1 metBSRTC 150 (12)147 PTCBSRTC 290 (22)73 PTC/3 miTCBSRTC 329 (7)102 PTC, 1 lymBSRTC 496 (23)258 PTC/2 miTC, 14 FTCBSRTC 548 (12)4014 PTC/3 miTC, 1 FTC, 1 metBSRTC 630 (7)9022 PTC/1 miTC, 1 FTC, 1 MTC, 2 sarTotal413 (100)21[^1]

Pathological examination
------------------------

The histological diagnosis served as the diagnostic reference standard in all patients, using formalin-fixed paraffin-embedded tissue blocks and the WHO classification. FNAB results were available in 305 (93%) patients. The biopsies were examined by a specialized endocrine pathologist (MLJ, 5 years of experience) and described preoperatively according to the Bethesda system of reporting thyroid cytology (BSRTC) with assignment of a category from 1 to 6 ([@bib27]).

Equipment and procedure
-----------------------

Ultrasonography and SWE were performed preoperatively using the SuperSonic Aixplorer and a linear probe (4--15 MHz). In SWE mode, a color-coded elasticity map was generated by converting shear wave speed to an EI expressed in kPa using Young's modulus ([@bib18]). The elasticity scale was set at 0--100 kPa. The examinations were performed by one research fellow and one staff specialist in otorhinolaryngology (KZS, VEN), with 18 months and 12 years of experience with US, respectively, and both with 6 months of experience with SWE. During this 6-month period, weekly SWE training sessions were performed. Methodological results regarding observer agreement have been reported previously in a subset of patients (*n* = 72) ([@bib28]).

During US and SWE examinations, the patient was lying in a supine position with the neck slightly extended. US grayscale examination of the index nodule was performed before SWE acquisition, with the registration of pre-specified US features used for malignancy risk stratification. The index nodule was examined systematically in both US and SWE mode before selecting the plane for SWE acquisition. By avoiding artifacts, assessed by both B- and SWE mode, the stiffest area of the nodule was identified according to the SWE color scale. For SWE acquisition, the probe was held still in the transverse plane for more than 3 s and until the color codes had stabilized. Pre-compression was avoided. Each SWE acquisition was repeated consecutively three times by each investigator by removal and replacement of the probe within 1--2 min. The results of intra-observer reliability have been published ([@bib28]). The investigators were blinded to the quantitative EI measurements (not yet obtained) and, due to the prospective nature of the study, the histological diagnosis of the nodule. The investigators were not blinded to clinical characteristics, US grayscale features, supplementary tests (e.g. ^99m^Tc-scintigraphy), or FNAB results, in order to conduct the study in a clinically viable setting.

Patient characteristics and supplementary data were collected from patient charts including demographics, clinical risk-markers for thyroid malignancy, smoking status, body mass index, thyroid function tests, anti-TPO antibodies, treatment with thyroid hormone supplements, previous radioiodine (RAI) therapy, ^99m^Tc-scintigraphy (if available), positron emission tomography (if available), FNAB results according to the BSRTC ([@bib27]) and indication for thyroid surgery.

Elasticity measurements
-----------------------

After acquisition of all three SWE images, the same investigator placed color-guided size adjustable regions of interest (ROI) in each of the frozen SWE images to assess EI, according to predefined criteria, as previously described ([@bib28]) ([Fig. 1](#fig1){ref-type="fig"}). (1) SWE-ROI: 3 mm Q-box^RM^ including the stiffest area of the nodule, (2) SWE-stiff: Q-box^RM^ of variable size including only the stiffest area of the nodule, (3) SWE-Center: 10 mm Q-box^RM^ in the center of the nodule surrounding the stiffest area. Stiff areas were identified from the color-coded elasticity map, as indicated by red, yellow or green color (decreasing stiffness) being distinguishable from the soft blue-colored areas ([Fig. 1](#fig1){ref-type="fig"}). For each color-coded Q-box^RM^ the system's software generated a quantitative mean, minimum, maximum and a standard deviation ([s.d.]{.smallcaps}) value of EI. The EI outcomes investigated were chosen before initiation of the study from criteria of clinical relevance guided by results from the literature published at the time of study planning ([@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib29]), and novel outcomes assessing elastic heterogeneity were added. SWE-ROImean and -max, SWE-Stiffmean and -max, and SWE-Centermean provided estimates of elasticity around the stiffest area of the nodule. SWE-ROInn ratio and SWE-CenterSD were estimates of elastic heterogeneity within the nodule. When selecting the region for elasticity measurements within the nodule, the following features were avoided: macrocalcifications, cystic areas, vertical artifacts, structure interface artifacts, areas with signs of pre-compression and areas with poor or no SWE signal (no color). After the inclusion period, both investigators retrospectively re-assessed all images to ensure that no ROIs were placed within artifacts.Figure 1SWE image depicting the ROIs used for EI measurements. Color-coded elasticity map overlying the B-mode US image. Soft areas with a low EI are colored blue, and changes to green, yellow and red with higher EI and increasing stiffness. To the right, the elasticity scale (0--100 kPa, top) and the EI measurements for the predefined ROIs (bottom) are shown.

Qualitative elasticity assessment was conducted by the investigator performing the SWE examination and using a modification of the three-point scale proposed by Rago *et al*. ([@bib30]). This rating tool was developed for qualitative assessment of strain elastography, which uses manual compression as external force and depicts stiff areas in blue color. The technology of SWE is fundamentally different from that of strain elastography. However, for the present study, the difference in color coding was taken into account, so that the Rago scale could be adopted for a qualitative assessment based on SWE images. Score 1: elasticity in the entire or in a large part of the nodule corresponding to a predominately soft nodule (blue); score 2: elasticity only in the peripheral part of the nodule corresponding to intermediate stiffness (blue and green/yellow); score 3: no elasticity in the nodule corresponding to a predominately or completely stiff nodule (yellow and red). Score 1 represents a benign nodule, while scores 2 and 3 represent a nodule suspicious for malignancy ([@bib30]).

Grayscale US features
---------------------

Patients were categorized into three groups according to US grayscale features indicative of malignancy, by applying a modification of the French thyroid imaging reporting and data system (TIRADS) ([@bib8]). Suspicious US features were hypoechogenicity (compared with normal thyroid parenchyma and thus pooling mild and marked hypoechoic patterns), microcalcifications, irregular margins and taller-than-wide shape. Low-risk nodules were those without any suspicious US feature (TIRADS 2--3); intermediate risk nodules had 1--2 features (TIRADS 4A--4B), while high-risk nodules had 3--4 suspicious features present and/or suspicious lymph nodes at neck US examination (TIRADS 5).

Statistical analysis
--------------------

Continuous variables are presented as mean and [s.d.]{.smallcaps}, or median, range and interquartile range (IQR). Categorical variables are presented as numbers and percentages. For all EI outcomes, the mean of three repeated measurements was used. Comparisons between groups were performed for continuous data with normal distribution using Student's *t*-test, while Mann--Whitney rank-sum test was used for data with non-normality. For dichotomous data, chi-squared test was used, while Fisher's exact test was used for analyses including small groups (*n* \< 5). For EI data, the *t*-test was performed on a logarithmic transformation due to non-normality of the data. Receiver-operating characteristic (ROC) analysis was conducted to assess the association between EI and the histological diagnosis, using area under the curve (AUC) estimates. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and accuracy were calculated for different cut-off points, as proposed in previous studies of thyroid SWE ([@bib13], [@bib14], [@bib15], [@bib21], [@bib22], [@bib23], [@bib24], [@bib26]). Univariate and multivariate linear regression analyses were performed on a logarithmic transformation of the EI data, with the 3 mm SWE-ROImean as the dependent variable. The independent variables included clinically relevant continuous and categorical parameters, which were assumed to influence tissue elasticity, as listed in [Table 5](#tbl5){ref-type="table"}. According to the sample size, the number of explanatory variables were reduced in the multivariate analysis. The patient allocation number was included as a cluster variable to account for multinodularity. *P* value \<0.05 indicated statistical significance. The statistical software used was Stata 13 (Metrika Consulting AB, Stockholm, Sweden) and Excel 2010 (Microsoft).

Calculation of the targeted sample size was based on an expected difference in EI between malignant and benign nodules of 15 kPa, with a common SD of 32 kPa, a power of 95% and a significance level of 0.05. Expecting a ratio of four between malignant and benign nodules, 74 malignant and 296 benign nodules, respectively, needed to be included in the study.

Results
=======

Participants
------------

In total, 329 patients (male/female: 78 (24%)/251 (76%)) harboring 413 thyroid nodules were included. The flow of participants through the study is shown in [Fig. 2](#fig2){ref-type="fig"}. The mean age of included patients was 55 ± 13 years (range: 21--89), and patients with benign nodular disease were slightly but significantly older (56 ± 12 years), as compared with thyroid cancer patients (52 ± 16) (*P* = 0.03). A solitary nodule was found in 149 patients and MNG in 180 patients. The indication for surgery was diagnostic (BSRTC 1, 3, 4) in 155 (47%) patients, suspicion of malignancy (BSRTC 5, 6) in 88 (27%) patients and benign indication due to compressive or cosmetic symptoms (BSRTC 2) in 86 (26%) patients. The FNAB results according to the BSRTC is shown in [Table 1](#tbl1){ref-type="table"}. According to biochemical testing 270 (82%) patients were euthyroid, 2 (0.01%) were hypothyroid, 14 (4%) were hyperthyroid, 13 were subclinical hyperthyroid (4%) and 51 (16%) patients had positive anti-TPO antibodies. Seventeen patients received thyroid hormone supplementation. Of the 413 nodules included for evaluation, 325 were benign (79%) and 88 (21%) malignant, here among 57 papillary thyroid carcinoma (PTC), 16 follicular thyroid carcinoma (FTC), one medullary thyroid carcinoma (MTC), nine thyroid micro-carcinoma (miTC) and five other malignancies (lymphoma (*n* = 1); renal cell carcinoma (*n* = 2), myxofibrosarcoma (*n* = 2 in one patient)). The median time interval between SWE and surgery was 6 days (IQR: 0--10 days).Figure 2Flow of patients. \*Including seven patients with thyroid micro-carcinoma.

Of the 329 included patients, two did not provide EI data but only qualitative data due to large artifacts. EI measurements for the 10 mm ROI (SWE-Centermean, SWE-CenterSD) were missing in 42 patients either due to artifacts (*n* = 5) or the transverse plane being \<10 mm, which occurred when this was not the largest dimension (*n* = 37). Nine micro-carcinomas (miTCs) (tumor diameter \<10 mm) within an otherwise benign nodule in seven patients were excluded from the comparative analyses of benign and malignant nodules, due to uncertainty of the diagnosis in the measured region.

Test results
------------

### Ultrasound characteristics

US characteristics of included patients are presented in [Table 2](#tbl2){ref-type="table"}. US features associated with an increased risk of malignancy were solitary nodule, solid structure, hypo-echogenicity, heterogeneous echo pattern, microcalcifications, irregular margins, increased central vascularization, TIRADS score and poor SWE signal. When combining signs of high suspicion of malignancy, that is TIRADS 4-5, US reached a sensitivity of 90%, specificity of 22%, PPV of 22%, NPV of 90% and an accuracy of 36%. Table 2Ultrasonographic features comparing malignant and benign nodules.Ultrasonographic featuresMalignantBenign*P* value*n* = 79^a^*n* = 325Nodule size, mm (mean ± [s.d.]{.smallcaps})33 ± 1532 ± 130.88Skin-nodule distance, mm (mean ± [s.d.]{.smallcaps})18 ± 519 ± 50.25Nodularity, *n* (%) Solitary nodule38 (48)107 (33)0.01^b^ Multinodular goiter41 (52)217 (67)Structure, *n* (%) Cystic-solid\
 Solid22 (28)\
57 (72)165 (51)\
160 (49)\<0.01^c^Echogenicity, *n* (%) Hypoechoic\
 Isoechoic\
 Hyperechoic68 (86)\
6 (8)\
5 (6)185 (57)\
91 (28)\
49 (15)\<0.01^d^ Heterogeneous echogenicity, *n* (%)64 (81)223 (68)0.03Microcalcifications, *n* (%)51 (65)150 (46)0.01Macrocalcifications, *n* (%)12 (15)41 (13)0.54Taller-than-wide shape, *n* (%)12 (15)37 (11)0.35Borders, *n* (%) Halo present\
 Partial halo25 (32)\
3 (4)139 (43)\
31 (10)0.07^e^ Irregular margins, *n* (%)37 (47)103 (32)0.01^f^Doppler flow, *n* (%) Perinodular\
 Central\
 Equal flow^f^\
 No flow25 (32)\
11 (14)\
38 (48)\
5 (6)148 (45)\
31 (10)\
113 (35)\
33 (10)0.03^g^TIRADS 2--3^h^\
TIRADS 4--58 (10)\
71 (22)71 (90)\
250 (78)0.02Poor SWE signal, *n* (%)23 (29)59 (18)0.03[^2][^3]

### Elasticity index

No difference in any EI outcome -- applying to nodule stiffness or heterogeneity -- was found between benign and malignant nodules ([Table 3](#tbl3){ref-type="table"}). In fact, the EI parameters were almost identical for all outcomes, and the ranges for benign and malignant nodules, respectively, were hugely overlapping ([Table 3](#tbl3){ref-type="table"}). The majority of nodules in all histological groups had an EI between 10 and 50 kPa ([Fig. 3](#fig3){ref-type="fig"}). By ROC analysis, no association was found between EI and the histological diagnosis, reflected by ROC AUC values in the range 0.51--0.56 for all EI outcomes ([Table 3](#tbl3){ref-type="table"}), whether or not non-PTC cancers were excluded. Similar ambiguous results were found when performing the EI analyses in subgroups according to BSRTC category (indeterminate cytology: BSRTC 3-5 or BSRTC 4), intermediate TIRADS category, structure (solid only), echogenicity (hypoechoic or heterogeneous echogenicity) or vascularity (perinodular flow). However, there was a trend toward lower EI in the malignant group for the subgroups including intermediate TIRADS category or BSRTC 4 nodules only. Analyzing the maximum EI value of the three repeated measurements rather than the mean EI value did not affect the results, nor did the exclusion of one outlier with a histologically benign nodule with a high EI of 182 kPa for SWE-ROImean (data not shown). Table 3EI for the selected EI outcomesEI outcome, kPaMalignant^a^Benign^a^*P* value^b^ROC^c^Median (range), IQR(*n* = 77)(*n* = 324)AUC (95% CI)SWE-ROImean27 (3--100)\
16--4128 (4--182)\
19--370.790.51 (0.42--0.59)SWE-ROImax40 (11--148)\
24--6239 (6--242)\
28--500.500.53 (0.44--0.61)SWE-ROInn ratio2.4 (1.0--15.1)\
2.0--3.62.4 (1.1--27.6)\
1.9--3.10.130.55 (0.48--0.62)SWE-Stiffmean33 (4--116)\
19--4832 (4--192)\
23--420.960.52 (0.44--0.60)SWE-Stiffmax39 (11--148)\
24--5838 (6--242)\
27--490.520.52 (0.44--0.61)SWE-Centermean^d^17 (4--51)\
12--2516 (4--88)\
12--220.610.52 (0.44--0.61)SWE-CenterSD^d^8.1 (1.5--31.6)7.1 (1.3--56.5)0.160.56 (0.48--0.64)5.1--11.95.0--9.6[^4][^5] Figure 3Plot for SWE-ROImean specified by histological diagnosis. Box-and-whisker plot: The boxes display the interquartile range (IQR) and the median, while the whiskers display 1.5 times the IQR. Outliers beyond the whiskers are marked with individual dots. Elasticity index (EI); kilo Pascal (kPa); benign, *n* = 325; papillary thyroid carcinoma (PTC), *n* = 57; follicular thyroid carcinoma (FTC), *n* = 16; medullary thyroid carcinoma (MTC), *n* = 1; thyroid micro-carcinoma (miTC), *n* = 9. Other: lymphoma (*n* = 1), renal cell carcinoma metastasis (*n* = 2), myxofibrosarcoma (*n* = 2 in one patient). The one outlier in the benign group is not shown (EI = 182 kPa).

Additionally, we analyzed the diagnostic value of SWE-ROImean obtained in the present study by applying cut-off points proposed by other authors ([@bib13], [@bib14], [@bib15], [@bib21], [@bib22], [@bib23], [@bib24], [@bib26]), as shown in [Table 4](#tbl4){ref-type="table"}. With increasing cut-off point, specificity increased while sensitivity decreased. On the contrary, NPVs were stable between 81 and 83% irrespective of cut-off point. Table 4SWE-ROImean tested on cut-off points proposed in previous studies.Cut-off point^a^Nodules in previous studyTest of present data on cut-off points proposed in previous studies*n* (malignant, %)Estimates, % (95% CI)SensitivitySpecificityPPVNPVAccuracy30 kPa (26)169 (30)46 (34--57)58 (53--64)21 (15--27)82 (77--87)56 (51--61)31 kPa (15)313 (62)46 (34--57)61 (56--66)22 (15--28)83 (78--87)58 (53--63)34 kPa^b^ (24)137 (66)38 (27--48)69 (64--74)22 (15--30)82 (78--87)63 (58--68)39 kPa (13)331 (31)26 (16--36)80 (75--84)23 (14--32)82 (78--86)69 (65--74)42 kPa (23)62 (27)23 (14--33)86 (82--90)27 (17--38)83 (80--87)75 (70--79)49 kPa^c^ (22)393 (6)17 (9--25)93 (90--96)36 (20--52)83 (79--86)78 (74--82)62 kPa (21)99 (21)9 (3--16)97 (95--99)41 (18--65)82 (78--86)80 (76--84)85 kPa (14)476 (80)3 (−1 to 6)99 (98--100)33 (−4 to 71)81 (77--85)80 (76--84)Rago 2-3 (29)195 (20)33 (23--43)75 (70--80)24 (16--32)82 (78--87)67 (62--71)[^6][^7]

### Influence of other characteristics

By univariate linear regression analysis, a range of variables with potential impact on elasticity was tested ([Table 5](#tbl5){ref-type="table"}). Nodule size \>30 mm, heterogeneous echogenicity and micro- or macrocalcifications within the index nodule were all positively associated with EI. The presence of a solitary nodule was negatively associated with EI. By multivariate regression analysis, only nodule size \>30 mm remained statistically significant. Both by univariate and multivariate analysis, FNAB performed prior to SWE did not affect EI measurements (*P* = 0.64--0.81). Table 5Impact of clinical and ultrasound features on SWE-ROImean.Independent variableUnivariate analysisMultivariate analysis^g^Ratio (95% CI)*P* valueRatio (95% CI)*P* valueAge1.00 (0.99--1.01)0.481.00 (0.99--1.01)0.25Female gender1.02 (0.90--1.15)0.760.96 (0.84--1.09)0.53Previous RAI therapy^a^1.02 (0.79--1.31)0.88Anti-TPO antibodies level^b^1.00 (0.99--1.00)0.231.00 (0.99--1.00)0.22Size \>30 mm^c^1.16 (1.04--1.29)0.011.18 (1.05--1.33)0.01Isthmic location^d^1.09 (0.95--1.24)0.211.08 (0.93--1.26)0.32Previous FNAB0.99 (0.89--1.09)0.811.02 (0.91--1.14)0.74FNAB \<30 days prior to SWE1.04 (0.88--1.22)0.64Malignant histology^e^0.99 (0.85--1.15)0.91Ultrasound features Heterogenicity1.19 (1.06--1.34)0.011.10 (0.96--1.26)0.18 Hypoechogenicity1.04 (0.93--1.16)0.490.95 (0.84--1.08)0.42 Microcalcifications1.17 (1.06--1.30)0.011.12 (0.99--1.26)0.06 Macrocalcifications1.25 (1.06--1.47)0.011.12 (0.92--1.37)0.27 Poor SWE signal0.95 (0.80--1.13)0.550.92 (0.77--1.10)0.34 Solitary nodule0.86 (0.77--0.96)0.010.92 (0.81--1.04)0.20 Solid composition0.91 (0.82--1.02)0.091.04 (0.92--1.18)0.50 Skin-nodule distance0.99 (0.98--1.00)0.27 TIRADS group^f^1.07 (0.98--1.17)0.11[^8][^9][^10]

### Qualitative assessment of SWE

When assessing the color images qualitatively, the nodules were either homogeneous with low stiffness (blue) or heterogeneous showing a background of low stiffness (blue) with areas of higher stiffness (yellow to red). No nodules were completely stiff (red only). When applying the qualitative Rago scale, 297 nodules were classified as Rago 1, 87 as Rago 2 and 20 as Rago 3. Of the benign nodules, 244 (75%) were classified as Rago 1, while 26 (33%) of the malignant nodules (excluding miTC) belonged to the Rago 2--3 categories (chi^2^, *P* = 0.15). The diagnostic accuracy of the Rago scale applied on our data is shown in [Table 4](#tbl4){ref-type="table"}. Including only PTC in the malignant group did not change the results (data not shown).

Discussion
==========

This large prospective study found no difference in EI, measured by SWE, between malignant and benign thyroid nodules, nor was there any association between EI and the diagnosis by ROC analysis. Similar findings were seen in all subgroups investigated, here among nodules with indeterminate cytology, and if only patients with PTC were included in the cancer group. Furthermore, when applying previously proposed EI cut-off points to our cohort, the diagnostic performance was suboptimal, which goes for both qualitative and quantitative elasticity parameters. In comparison with conventional US features, SWE showed higher specificity while grayscale features exploited higher sensitivity. In accordance with previous studies ([@bib13], [@bib20], [@bib31]), EI was related to nodule size (\>30 mm), micro- or macrocalcifications, presence of a solitary nodule and -- as a novel finding -- to heterogeneous echogenicity.

Thyroid nodular SWE has been evaluated in a number of studies during the past years ([@bib13], [@bib14], [@bib16], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26]). Although results have been promising, the clinical applicability has been questionable, probably due to inconsistencies in methodology and differences in population characteristics. One hindrance for a widespread use of thyroid SWE is the lack of consensus regarding the optimum EI outcome and corresponding cut-off level ([@bib13], [@bib14], [@bib15], [@bib16], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib28]). An observation being unanimously reported is the huge overlap in EI intervals for malignant and benign nodules, respectively ([@bib13], [@bib15], [@bib16], [@bib20], [@bib21], [@bib23], [@bib24], [@bib25]), resulting in suboptimal values of sensitivity and specificity. Furthermore, proposed EI cut-off points for differentiating malignant and benign nodules vary across studies, which lead to misclassification in a considerable number of cases, as pointed out by our study.

Results from recent studies challenge the clinical applicability of thyroid SWE even more. In a smaller study, but in line with our results, Bardet *et al*. ([@bib32]) found no difference in EI between 110 benign and 21 malignant nodules with indeterminate cytology. Moreover, a recent meta-analysis -- including 2851 nodules from 14 studies -- found suboptimal diagnostic accuracy of thyroid SWE, with a significant heterogeneity between studies and a pooled sensitivity and specificity of 0.66 and 0.78, respectively ([@bib33]). These results contrast those from previous meta-analyses ([@bib34], [@bib35], [@bib36]) which, however, included a smaller number of nodules and used sensitivity and specificity estimates applying to different cut-off points ([@bib33], [@bib34], [@bib35], [@bib36]). This discrepancy emphasizes that the performance of thyroid SWE may have been overestimated in the earlier explorative studies.

Methodological issues and heterogeneity between the studies -- compromising the generalizability of thyroid SWE -- may explain the inconsistent results. First, the malignancy rate as well as prevalence of PTC affects the EI results. PTC show higher EI, compared with other thyroid malignancies and benign nodules ([@bib23], [@bib32]), and the best diagnostic performance of SWE seems to be obtained when comparing benign nodules with PTC only ([@bib13], [@bib14], [@bib15], [@bib16], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26]). However, the heterogeneous elasticity pattern of PTC -- and of benign nodules as well -- may be a drawback in this context ([@bib28], [@bib37], [@bib38]). Second, the pre-setting of the elasticity scale is of crucial importance. Thus, a higher scale setting of 0--180 kPa seems to increase the EI cut-off points (27--85 kPa) ([@bib13], [@bib14], [@bib15], [@bib16], [@bib21], [@bib22], [@bib23]) because larger EI differences are required for similar color-changes, as compared with the recommended 0--100 kPa scale ([@bib4]) (cut-off points: 30--34 kPa) ([@bib24], [@bib26]). The relatively low sensitivity of detectable color changes in the elasticity map, may also explain the high variability of EI measurements in nodules that appear qualitatively similar in their elasticity mapping. This may explain the slight discordant results of the SWE-ROImax and SWE-Stiffmax, although these ROIs are almost identically defined. Third, the pre-compression level affects the stiffness of both normal thyroid tissue, and benign and malignant nodules ([@bib37], [@bib39], [@bib40]). Increasing the pre-compression leads to a more favorable ratio between benign and malignant nodules ([@bib40]), but may also increase the variation of EI measurements ([@bib40]). Currently, no method for quantification of the pre-compression level is available, although highly needed. Finally, nodule size affects EI measurements according to three studies ([@bib13], [@bib24], [@bib25]), which showed that stiffness was lower in nodules smaller than 10 mm compared with larger nodules. We also found such influence of dimension, although at a nodule size of 30 mm. In consequence, different cut-off points for the EI parameters should be applied, depending on nodule size, but this issue seems to be widely overlooked.

Ultrasound-based assessment of tissue elasticity relies on simplified models related to the response to applied external forces, thus measuring elasticity indirectly ([@bib18]). The models assume that the investigated tissue responds with linearity and homogeneity ([@bib18], [@bib39]). However, thyroid nodules exhibit the opposite properties that is non-linearity and heterogeneity, due to composite of cell dense areas, fibrosis, calcifications, adipose tissue and cystic areas ([@bib18], [@bib37], [@bib38]). This may lead to significant artifacts in both benign and malignant nodules, which may explain the huge overlap of elasticity measurements, as found in the present and previous studies ([@bib21], [@bib23]). Further, the interpretation of artifacts, due to structure interfaces and different responses to increasing pre-compression levels ([@bib40], [@bib41]), emphasizes the importance of a standardized and systematic evaluation of the qualitative elasticity maps, in order to perform reliable quantitative elasticity measurements. Currently, the acquisition process and interpretation of artifacts need standardization, and may be the explanation for the diverging results.

SWE seems promising for the evaluation of tumors in other organs than the thyroid gland, like the breast ([@bib42]) and the prostate ([@bib43]) although results have been inconsistent. On the other hand, SWE is less suitable for polycystic ovaries ([@bib44]), which in line with thyroid nodules exhibit heterogeneous US patterns.

Our study has several strengths. We investigated prospectively one of the largest cohorts by thyroid SWE, and with confirmed diagnosis in all patients. A high number of benign thyroid nodules, as well as a clinically viable proportion of malignant nodules were included. Furthermore, patients with cytological samples in the indeterminate BSRTC 3--5 categories represented almost half of the cohort (42%) and were included in additional subgroups analyses. These individuals, who are most difficult to diagnose without surgery, were excluded from previous studies without histological confirmation of the diagnosis ([@bib13], [@bib14], [@bib21], [@bib23], [@bib24]). Thus, the advantages of having all cases fully histologically characterized outweigh the potential drawback of investigating a selected surgical cohort. The EI measurements were found to be unaffected by the preceding FNAB (performed in most patients), neither regarding the sampling *per se* nor the time interval between the two procedures. This is an important issue since FNAB potentially might result in hematoma or fibrosis of the thyroid nodule, with obvious consequences for tissue elasticity ([@bib38]).

The diagnostic properties of the TIRADS system from 2013 ([@bib8]), employed in the present study can easily be extrapolated to the more recent EU-TIRADS ([@bib11]), since the combined categories 4--5 are similar in the two classification systems. Our study finds lower diagnostic accuracy of the TIRADS compared with previous findings ([@bib8]), which most likely is explained by the higher rate of malignancy in our surgical cohort. This emphasizes that the TIRADS primarily is designed for risk stratification in unselected low-risk cohorts, although it is useful also in surgical patients, as supported by the high sensitivity found in the present study, which is similar to that found in a recent multicenter study ([@bib45]).

A few limitations of the study also need to be addressed. First, the level of US experience differed between the two investigators before initiation of the study, but SWE agreement did not depend on the educational level of the observers, as recently reported ([@bib28]), and we found no learning curve during the inclusion period. Second, the proportion of nodules harboring microcalcifications was high in the present study compared with other studies of thyroid US, which may rely on the fact that our patients constitute a selected cohort with an *a priori* higher risk of thyroid malignancy. Though we cannot exclude that the so-called comet-tail phenomenon were misclassified as microcalcifications in some cases.

The vast majority of the initial studies evaluating thyroid SWE were encouraging, but studies have emerged recently showing more negative outcomes ([@bib32], [@bib33]). Thus, the influence of publication bias in the early era cannot be excluded. According to the present and recent studies ([@bib32], [@bib33]) -- and considering the huge variations in design and methodology in previous studies as well as the low agreement of SWE ([@bib28]) -- we find it highly questionable whether the present technology of SWE has any value in the diagnostic management of patients with thyroid nodules. The most important explanation for this may be that the elasticity of benign and malignant nodules *de facto* shows huge overlap. It may be true that malignant nodules are more firm than benign ones on a group level, but the elasticity of the nodule has very little, if any, predictive value in the individual patient. This conclusion gains support by the suboptimal ability to discriminate malignant from benign thyroid nodules, as reported in several previous studies evaluating this technology ([@bib13], [@bib15], [@bib21], [@bib23], [@bib26]). Beyond these biological limitations, it is crucial that the SWE acquisition process and other methodological issues are standardized.

Thyroid elastography was at its introduction met with great enthusiasm, but it should be emphasized that US risk stratification of thyroid nodules still rely on grayscale features. Accordingly, international US guidelines ([@bib3], [@bib11], [@bib46]) have been reluctant to include thyroid elastography in the risk score assessment of thyroid nodules.
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[^1]: BSRTC, Bethesda system of reporting thyroid cytology; FNAB, fine needle aspiration biopsy; FTC, follicular thyroid carcinoma; lym, lymphoma; met, metastasis from renal cell carcinoma; miTC, thyroid micro-carcinoma; MTC, medullary thyroid carcinoma; PTC, papillary thyroid carcinoma; sar, myxofibrosarcoma.

[^2]: TIRADS, thyroid imaging reporting and data system.

[^3]: ^a^Excluding nine thyroid micro-carcinoma. ^b^Comparison of solitary nodules vs multinodular goiter in malignant and benign nodules. ^c^Comparison of cystic-solid vs solid structure in malignant and benign nodules. ^d^Comparison of hypoechoic vs non-hypoechoic (iso- and hyperechoic). ^e^Comparison of complete halo vs no complete halo. ^f^Comparison of irregular vs regular margins. ^g^Comparison of perinodular vs non-periondular flow (central, equal and no flow) in malignant and benign nodules. ^h^Four nodules did not provide TIRADS score.

[^4]: ^a^Excluding thyroid micro-carcinoma (*n* = 9) and nodules with missing EI values (*n* = 3). ^b^Test of difference between median EI between benign and malignant nodules. ^c^Receiver-operating characteristic (ROC) analysis area under the curve (AUC) for the prediction of malignancy. An AUC of 0.5 reflects that the optimal cut-off value yields an even chance of a test being true or false positive, while a value of 1.0 reflects that the cut-off value yields 100% sensitivity and specificity. ^d^49 nodules did not provide data for the 10 mm center Q-box.

[^5]: EI, elasticity index; IQR, interquartile range; kPa, kilo Pascal.

[^6]: ^a^Cut-off points proposed in previous studies were selected for EI outcomes most similar to the definition of SWE-ROImean. ^b^Only nodules \<10 mm. ^c^The cut-off point with the highest sum of sensitivity and specificity was selected.

[^7]: kPa, kilo pascals; NPV, negative predictive value; PPV, positive predictive value.

[^8]: Dependent variable in regression analysis: logarithmic transformation of SWE-ROImean.

[^9]: ^a^Seventeen patients previously received RAI of 387 included in the analysis. ^b^Anti-TPO antibodies tested in 264 patients (80%). ^c^Nodules \>30 mm in the largest dimension, *n* = 216 (52%). ^d^Nodules located in the thyroid isthmus, *n* = 43 (10%). ^e^Excluding nine thyroid micro-carcinomas. ^f^TIRADS groups: 1 = low risk; 2 = intermediate risk; 3 = high risk. ^g^According to the sample size, a subset of explanatory variables were excluded from the multivariate analysis. The variables assumed to influence elasticity measurements were chosen before data analysis. All explanatory variables were included in one multivariate regression analysis.

[^10]: FNAB, fine-needle aspiration biopsy; RAI, radioiodine ablation; SWE, shear wave elastography; TIRADS, thyroid imaging reporting and data system.
